FOCUS
T uberculum sellae meningiomas (TSMs) are challenging tumors because of their proximity to the optic nerves, the internal carotid artery (ICA), and the anterior cerebral artery (ACA), as well as the hypothalamus, infundibulum, and pituitary gland. Even small tumors can cause significant morbidity by compressing the optic nerve. Almost all TSMs invade the optic canal to some extent. 25 In the literature, TSMs are often grouped with suprasellar or parasellar meningiomas and included in analysis with planum meningiomas. 22 However, true TSMs are distinct from planum meningiomas in that they are centered on the tuberculum, they grow posteriorly and superiorly, and they displace the optic nerves superiorly and laterally. Visual impairment is the primary indication for surgical treatment, whereas radiotherapy can be considered for asymptomatic TSMs without mass effect on the optic nerve.
Transcranial (TC) microsurgical resection has been the standard of care and has a proven track record of good outcomes, with the majority of patients having improvement in visual function postoperatively. 8, 9, 13, 19, 21, 23, 24, 30 The TC approaches commonly used include the extended bifrontal, tailored bifrontal, 26 interhemispheric, orbitozygomatic, pterional, and subfrontal eyebrow 30 approaches. However, with advances in endoscopy 7 and the subsequent development of the expanded endonasal approach, 14 there has been significant debate among practitioners in the neurosurgical community as to whether TSMs should be approached transcranially ("from above") or endonasally and/or transsphenoidally ("from below"). 2, 5 The advent of the nasoseptal flap 11 and increased experience have markedly reduced the CSF leakage rate that initially complicated expanded endonasal skull base approaches. 5 These technical improvements have established the transsphenoidal (TS) approach as an important option for appropriately selected TSMs. 4, 12, 16 The question of which TSMs should be resected transcranially and which should be approached transsphenoidally remains paramount. 17 Several series have compared approaches and attempted to define which patients are best suited for each approach; 1, 20, 22 in one of these series a preoperative grading scale was proposed, but the scale was not significantly associated with outcome. 22 Thus, there remains a need for a simple preoperative grading scale that is validated in a large contemporary patient series to assist surgeons as they consider the best approach for each patient. Here, we report surgical outcome data from 2 academic medical centers and propose a simple grading scale that can provide a starting point for surgical approach selection.
Methods

Study Design, Setting, and Participants
This is a retrospective chart review conducted at 2 large academic medical centers. Both centers are local neurosurgical referral centers, and the primary surgeons are experienced in both open cranial and endoscopic TS surgery, performing more than 50 open and endoscopic tumor resections each year. Patients were included if they were ≥ 18 years old and had undergone TSM resection at our institutions between 1997 and 2016. Magnetic resonance images of each patient's tumor and operative notes were reviewed by the senior authors (L.M.C., M.W.M.). Tumors that were centered on the planum were not included in this study. The patient information, variables, and tumor information were obtained from the medical record and radiology, pathology, and operative reports. Follow-up was based on the clinic notes in the medical record, and the last clinic note or film review note was included as the final followup date. The manuscript was drafted consistent with the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) statement. 29 The internal review board at our institution approved this study.
Variables Studied
Demographic variables included age, sex, and followup duration. Surgical variables included surgical approach, grouped into TC or TS approach. The TC approaches included orbitozygomatic, orbitofrontal, subfrontal eyebrow, extended bifrontal, or midline interhemispheric. The TS approaches included microscopic and endoscopic approaches, with most of the endoscopic procedures using an expanded endonasal approach with nasoseptal flap closure. Clinical variables collected included presenting symptoms, preoperative visual deficits, postoperative visual deficits, extent of resection (EOR), tumor recurrence, and perioperative complications. Complications were grouped into infection, CSF leak, and other.
Outcome variables included visual function, EOR, recurrence complications, and tumor grading scale score. The EOR was classified radiographically as subtotal resection (STR; < 95%), near-total resection (NTR; 95%-99%), and gross-total resection (GTR). The EOR was based on the authors' and radiologists' review of postoperative images, operative reports, and radiology reports. Tumors that had no radiographic residual, but in which the surgeon reported intraoperative residual tumor on the optic nerve or arteries, were considered NTR.
Tumor Grading Scale
The senior author (M.W.M.) developed the proposed grading scale (Fig. 1 ) based on his experience resecting TSMs and the anatomical literature. The grading is simple and combines the 3 key tumor characteristics that determined difficulty of resection: tumor size, optic canal invasion, and arterial encasement. The tumor size score receives 1 or 2 points: 1 point if the tumor is < 17 mm in diameter and 2 points if it is ≥ 17 mm. The diameter of 17 mm was selected based on 2 anatomical studies that measured the average distance between the optic nerves at the limbus sphenoidale. 6, 10 The optic canal invasion score is graded as follows: if the tumor invades ≤ 3 mm into either optic canal, then it receives 0 points; if it invades > 3 mm into 1 optic canal, it receives 1 point; and if it invades both optic canals > 3 mm, it receives 2 points. Figure 2 shows a case example with bilateral optic canal invasion. Optic canal invasion can be measured in the coronal plane of a standard stereotactic preoperative MR image. Finally, the arterial encasement score also receives 0, 1, or 2 points. Zero points are given if the tumor does not touch, or sim- ply abuts, the medial wall of the ICA or the anterior wall of the ACA. If it envelops the ICA or ACA < 180° around the artery, then it receives 1 point. If it encases the ICA or ACA, extending ≥ 180° around the artery, then it receives 2 points. The senior author at each institution reviewed the MR images to confirm tumor location and assign the tumor grading scale score for each patient.
Study Bias
This is a retrospective study, and thus it is limited by selection and observer bias. This study is also limited by observer bias in that only information that was recorded in the electronic medical record could be used.
Statistical Analysis
All statistical analyses were performed in JMP (JMP Pro, Version 13.0; SAS Institute, Inc.). Univariate analysis was performed with Pearson's chi-square test (multiple categories) or Fisher's exact test (2 categories). Multivariate logistic regression was used to test the impact of variables with univariate significance of p < 0.2 on the outcome of interest. Recursive partitioning analysis (RPA) was performed to identify subsets of patients at risk for the outcome variables. The number of partitions used was based on the maximal R 2 value found, with k-fold crossvalidation (k = 5).
Results
Demographic and Outcome Data
We identified 139 patients who underwent resection of TSMs between 1997 and 2016. The majority (75%) of patients came from the University of California, San Francisco (UCSF), and 25% were from Naples, Italy. A preoperative visual deficit was present in 87% of patients. Whereas the majority of patients had improved or stable vision (n = 113, 81%) after surgery, 14 (10%) had worse vision postoperatively. There were 12 (9%) patients without clear postoperative documentation of visual function. The majority of patients had GTR (65%) or NTR (23%) resections, whereas 12% had STR. The mean and median grading scale scores are shown in Table 1 , with the total mean score 3.8 (median 4). Only 14 patients had tumor recurrence (10%), whereas 90% were recurrence free at last follow-up. At the time of recurrence, 13 patients were treated with radiotherapy, whereas 1 patient underwent repeat resection. A total of 22 complications occurred in 20 patients (14%), including 7 CSF leaks, 6 infections, and 9 other complications, which included postoperative hematoma (n = 3), seizure (n = 2), partial hypopituitarism (n = 1), diabetes insipidus (n = 1), and anosmia and/ or partial ageusia (n = 2). There were no perioperative deaths.
Surgical Approaches
The study population was split between TC (n = 95, 68%) and TS (n = 44, 32%) approaches (Table 1) . The TC/TS ratio was lower in Naples (7:28) compared to UCSF, which was 88:16 (p < 0.0001, Fisher's exact test). For TC approaches, the most common one was the extended bifrontal approach (n = 50, 53%), followed by the orbitozygomatic approach (n = 25, 26%). Other approaches were performed less frequently (n = 20, 21%) and included pterional (n = 10), midline interhemispheric (n = 7), subfrontal eyebrow (n = 2), and a tailored bifrontal approach without orbital osteotomy (n = 1). Nearly all the TS approaches were conducted via an endoscopically assisted procedure (n = 38, 86%), although a small number of operations were performed early in the case series with a TS microscopic approach by a surgeon who had performed more than 1000 TS microscopic cases (n = 6, 14%).
We performed univariate analysis to compare complication rates between the TS and TC approaches. There was no significant difference in the rate of any complication (p = 0.7965), infection (p = 0.6646), or other complication (p = 0.7191). However, CSF leaks were more common with TS (n = 5) than TC (n = 2) approaches (OR 5.96, 95% CI 1.10-32.04). 
Tumor Grading Scale
Tumors were graded according to the proposed scale (Fig. 1) . Univariate analysis was used to compare TC and TS approaches with respect to the proposed grading scale. Tumor score (p = 0.0007), artery score (p < 0.0001), and total score (p = 0.0012), but not canal score (p = 0.1770), were significantly higher in the TC group. Similarly, tumors resected using the extended bifrontal approach had significantly higher tumor (p < 0.0001), canal (p < 0.0001), and total (p = 0.0017) scores, but not canal score (p = 0.1246), compared to the orbitozygomatic, TS, or other approaches, reflecting the use of the more invasive or wider approach for larger and more aggressive tumors. Taken together, tumors with lower scores were more commonly resected via a TS approach, whereas tumors with higher scores were treated via a TC approach. The higher the score, the more likely that a more invasive approach-e.g., the extended bifrontal approach-was used to resect the tumor. The distribution of tumors categorized by individual tumor score and matched by approach is shown in Fig. 3 .
Risk Factors Associated With Surgical Outcomes
Postoperative visual function is the most important surgical outcome following resection of TSM. We performed univariate logistic regression on the following variables to determine what factors were associated with better or stable vision postoperatively: preoperative visual deficit, TC or TS approach, EOR (GTR vs NTR or STR), tumor score, canal score, artery score, total score, and any complication ( Table 2 ). The only significant univariate predictor of better or the same visual outcome was tumor score 1 (RR 1.18, 95% CI 1.03-1.30; p = 0.0052). Because all patients with tumor score 1 (n = 39) had stable or improved vision postoperatively, we could not perform multivariate analysis; however, we did perform RPA. The optimal number of splits based on k-fold cross-validation was 1. We included all univariate variables with p < 0.2 in the RPA. The split was made on tumor score (Fig. 4A) .
For EOR we performed univariate analysis, and only canal score was a significant predictor of GTR (p = 0.0024; Table 2 ). We included all variables with p < 0.2 in the multivariate analysis, except for total score, which made the model unstable. Higher canal score decreased the likelihood of achieving GTR, whereas a TC approach increased the likelihood of GTR (Table 3) . We performed RPA to identify subgroups based on EOR. The optimal number of splits based on k-fold cross-validation was 3. The first split was canal score, with canal scores of 1 or 2 having much lower rates of GTR. The second split was on approach, with the TS approach having lower rates of GTR. Finally, the third split was on artery score for patients with a canal score of 0. In a TSM with an artery score of 1 or 2, we were less likely to achieve GTR (Fig. 4B) .
For complications we performed univariate analysis, and none of the following variables were significant predictors of a complication: tumor score (p = 0.6079), canal Finally, we performed univariate analysis to compare visual outcomes and EOR between tumors that were stratified by matched grading scale scores and split by TC or TS approach. There were no significant differences in visual outcome between transcranially and transsphenoidally resected tumors when stratified by grading scale score. The frequency of visual outcomes by score is shown in Fig.  5A . When we performed univariate analysis of EOR by approach and individual tumor score, we found no significant difference between approaches. For tumors with a total score of 5 (tumor 2, canal 2, artery 1), there were more GTRs with the TC approach when analyzed with Pearson's chi-square test (p = 0.035), but this was not significant with Fisher's exact test (OR 11.0, 95% CI 0.92-130.32; p = 0.0578). The frequency of GTR versus NTR or STR by score is shown in Fig. 5B , and it allows one to appreciate how the difficulty of achieving GTR rises as grading scale score increases.
FIG. 4. Schematics showing RPA of risk factors for visual outcome and EOR. A:
The optimal split was 1, based on k-fold crossvalidation. Patients with a tumor score of 2 were more likely to experience worsened vision postoperatively. B: The optimal split was 3, based on k-fold cross-validation. The split order was canal score, followed by approach, followed by artery score. The highest rate of GTR was for patients with canal score 0 and artery score 0. The frequency of GTR declined if there was a higher artery score and a higher canal score and if a TS approach was used.
Discussion
Key Results
To our knowledge, this is the largest surgical outcome series of TSMs published to date, and it contains significant numbers of tumors resected with both TC and TS approaches. These tumors can be resected with acceptable morbidity and no mortality, regardless of TC or TS approach. Most patients had stable or improved vision postoperatively and had GTR or NTR. There was no difference in recurrence rates between TC and TS approaches. We present a simple, easy-to-use grading scale for TSMs, which can provide a starting point when evaluating these tumors and selecting the optimal surgical approach for each patient. The tumor component of the scale is significantly associated with postoperative vision outcomes, with higher scores being associated with worse vision outcomes. Similarly, the canal component of the score also is associated with EOR, with higher canal scores being associated with a lower likelihood of achieving GTR.
Interpretation of Results
This is a notable series for several reasons. First, it is larger than other series 1, 15, 16, 20, 22, 25, 30 and it is multicenter, including patients from 2 centers that are very experienced in both TC and TS approaches. Second, it combines data from a center that is more biased toward TS approaches (Italy) and one that is historically more biased toward TC approaches (UCSF). Nevertheless, there are still 44 TS cases, which makes this one of the larger TS series of TSM in the literature as well. Within the TC approaches, the majority were extended bifrontal, which reflects the preferred approach of the senior author (M.W.M.). Advantages of the bifrontal approach include the ability to view the whole course and the undersurface of each optic nerve from either the left or the right side. In addition, the bifrontal approach provides bilateral exposure of the roof of the optic canal so that each roof can be removed, which exposes the points of attachment at the junction of the chiasmatic sulcus and optic canal. This allows tumor removal from the medial side of the canal for the first 6-8 mm of the optic canal. We previously reported the fact that radiographic evidence of retraction injury to the frontal lobes is rare when practitioners use appropriate techniques. 3 Recently, we started using a tailored bifrontal approach, which allows the orbital bar to be left in place and provides the necessary visibility and working room. 26 This reduces problems with orbital swelling and ocular motility in the early days postoperatively. For smaller TSMs resected using the TC approach, the orbitozygomatic approach was most commonly used and provides similar advantages to the bifrontal approach, except with less exposure. Others have found similarly good results with the supraorbital subfrontal eyebrow approach, especially when combined with angled endoscopic assistance. 30, 31 Although visual improvement rates have been reported as high as 90%-96%, 20, 22 improvement is less frequent in large tumors with complex anatomy and long-standing deficits. 20 Higher tumor score was the only significant variable on univariate analysis to predict visual worsening. There was no difference in visual worsening between TC and TS approaches in this series, which is different from other studies that have shown less visual worsening with the TS approach. Our results suggest that the larger the tumor, the higher the risk for visual worsening, regardless of approach. Another potential cause of postoperative visual worsening is vasospasm of the arteries supplying the optic chiasm, which can be managed by close postoperative monitoring of blood pressure and the use of vasopressors to raise blood pressure in patients who are symptomatic. We titrate the vasopressors according to effect and have used them to reverse postoperative visual loss in several patients. 27 Thus, we keep all our patients in the ICU for 48 hours postoperatively to monitor vision and raise the blood pressure if they develop deficits.
We used very stringent criteria for GTR, classifying any lesion where the surgeon knowingly left a small bit FIG. 5. Visual outcome and EOR frequency by individual tumor score and stratified by TC or TS approach. A: Frequency of better-same or worse visual outcome by approach and by grading scale score. There were no significant differences between visual outcomes by approach when stratified by score. B: Frequency of GTR versus NTR or STR by approach and grading scale score. There were no significant differences by Fisher's exact test.
of tumor on the optic nerve or arteries as an NTR, regardless of the radiographic absence of tumor. Our 65% GTR rate is comparable to the 54% for complex anatomy tumors and 94% for simple anatomy tumors seen by Makarenko et al. 20 Our 10% recurrence rate is similar to that seen by Bander et al. (12%) 1 and Makarenko et al. (13%). Most patients who presented with recurrence were treated effectively with radiotherapy. Our complication rate was lower than in prior series, 1, 13, 20, 22 and the 5% rate of CSF leakage was excellent in comparison. Although the TS approach still had significantly more leaks, the overall rate was quite low, reflecting improvements in closure techniques. 18 Selecting the best approach for each patient is a nuanced process. It is important to factor in surgeon training and experience and the goals of the operation. The grading scale we proposed is the first one to be proposed that is significantly associated with EOR and visual outcomes. Whereas some would argue for use of a TS approach whenever possible due to its less invasive nature and early optic nerve decompression, Karsy et al. recently presented findings consistent with this study, showing that excellent results can be achieved with low morbidity by using a TC approach as well. 13 Patient quality of life is also a very important consideration when selecting a surgical approach. Makarenko et al. showed that patients in whom a complex tumor was approached transcranially had a decline in quality of life, whereas those with simpler anatomy treated via a TS approach had improved quality of life postoperatively.
20
Limitations of the Study
This study is limited by its retrospective design. It is also limited by the lack of a standardized visual outcome measure. Ideally, we would have formal visual field testing before and after each case, which is our current practice, but this was not performed during the majority of the cases in this series. Due to lack of information in the electronic medical record, we were not able to obtain clear information on preoperative visual deficits or postoperative visual function for some early patients in the series. These patients were excluded from the visual outcome analysis, but were included in the imaging analysis and EOR evaluation. This study is also limited by selection bias, in that the approach and patient selection reflect the authors' biases. A larger study that includes more centers will be needed to confirm the usefulness of the scale and build on these results. Finally, the numbers in this series were too small to adequately compare outcomes between individual tumor grades, so again a larger study is needed.
Generalizability of Findings
These results are those of specialized surgeons with a high-volume practice, and thus may not be generalizable to all surgeons or all institutions. Nevertheless, the fact that we included cases from 2 centers in different countries strengthens the generalizability of our findings compared to a single-surgeon series. Other experienced neurosurgeons who are well trained in both open and endoscopic approaches should be able to use the tumor scale and apply our findings to their practice.
Conclusions
Tuberculum sellae meningiomas are challenging tumors to resect, but can be removed with acceptable morbidity and no, or extremely low, mortality, which represents marked progress from historical series. 28 The majority of patients will have improvement or stabilization of visual function postoperatively. Whether to use a TC or TS approach is a complex decision based on tumor characteristics, surgeon skill and/or comfort, and patient preference. Despite a lower EOR with the TS approach, there is no difference in recurrence rate, and recurrences or residuals can be safely managed with radiotherapy. Our proposed grading scale can provide a starting point for approach selection and a basis to compare TSMs and outcomes in the future. We are planning a multicenter review of this grading scale to further evaluate its utility.
